Microscopic calculations of elastic scattering
a+n, a+p, a+3He and a+a from a realistic
nucleon-nucleon interaction

Jérémy Dohet-Eraly

Physique Nucléaire et Physique Quantique (P.N.P.Q.)
Université Libre de Bruxelles (ULB)
Research Fellow of F.R.S.-FNRS

2010 IAP BriX day : December 22, 2010

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day

Microscopic calculations of elastic scattering



Scope
o

Scope

» We want to study the elastic scattering between light nuclei seen as
clusters. In partular, we want to study o + a.

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day




Scope
o

Scope

» We want to study the elastic scattering between light nuclei seen as
clusters. In partular, we want to study o + a.

» We follow a microscopic approach to calculate the elastic phase
shifts.

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day

M copic calcu s of elastic scatt:



Scope
o

Scope

» We want to study the elastic scattering between light nuclei seen as
clusters. In partular, we want to study o + a.

» We follow a microscopic approach to calculate the elastic phase
shifts.

» We would like to obtain a predictive model...

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day

M copic calcu s of elastic scatt:



Scope
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Scope

» We want to study the elastic scattering between light nuclei seen as
clusters. In partular, we want to study o + a.

» We follow a microscopic approach to calculate the elastic phase
shifts.

» We would like to obtain a predictive model... but the way to reach it
is still long.
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Schrodinger’s equation for a system of A nucleons :
HY(1,2,...,A) = EV(1,2,...,A)

with

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day

Microscopic calculations of elastic scatteri



Microscopic approach
[ ]e]

Microscopic approach

Schrodinger’s equation for a system of A nucleons :
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with
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Schrodinger’s equation for a system of A nucleons :

HW(1,2,...,A) = EV(1,2,...,A)

with
- p; P2 - N
_ M YTem .
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Microscopic approach

Schrodinger’s equation for a system of A nucleons :
HY(1,2,...,A) = EV(1,2,...,A)

with

a P2 P2 v
H=S"P_
;2m 2Am (i) + v, 4)] -

i<j
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Microscopic approach

Schrodinger’s equation for a system of A nucleons :
HY(1,2,...,A) = EV(1,2,...,A)

with

ZPTn 2Am Z M(0d) + v

(i j)? v
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There are two possibilities

> An effective potential suitable for clusters calculations containing
two parameters adjusted for each collision.
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Nuclear potential

There are two possibilities

> An effective potential suitable for clusters calculations containing
two parameters adjusted for each collision.

> A realistic interaction deduced from two-body scattering and the
properties of deuton.
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Nuclear potential

There are two possibilities
> An effective potential suitable for clusters calculations containing
two parameters adjusted for each collision.
> A realistic interaction deduced from two-body scattering and the
properties of deuton.

Effective Realistic
Calculations analytically | numerical,heavy
Agreement with experiment | good a+nucleon less good
Fit Yes "No"
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GCM

Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

v =>"fry(R)
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

v =>"fry(R)

(R) =
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V=" fri(R)

Y(R) = ®1

> ¢ : Slater determinant of Os states of harmonic oscillator

@
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V=" fri(R)

Y(R) = D12

> ¢ : Slater determinant of Os states of harmonic oscillator
> ¢, : Slater determinant of Os states of harmonic oscillator

®
@
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V=" fri(R)

Y(R) = $1028(R)

> ¢ : Slater determinant of Os states of harmonic oscillator
> ¢, : Slater determinant of Os states of harmonic oscillator
» g(R) : Gaussian
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Generator Coordinate Method
The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

v =>"fry(R)
R
M (R) = Py P™ Ad1¢2g(R)

> ¢ : Slater determinant of Os states of harmonic oscillator
> ¢, : Slater determinant of Os states of harmonic oscillator
» g(R) : Gaussian
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

=3 M (R)
R

VM (R) = Py, P" Ad1¢28(R)
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V= S ()
R
VM (R) = Py, P" Ad1¢28(R)

» J : total angular momentum
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V= S ()
R
VM (R) = Py, P" Ad1¢28(R)

» J : total angular momentum

» M : projection of the total angular momentum
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

V= S ()
R
VM (R) = Py, P" Ad1¢28(R)

» J : total angular momentum
» M : projection of the total angular momentum

> 7. parity
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

=3 M (R)
R

VM (R) = Py, P" Ad1¢28(R)

v

J : total angular momentum

v

M : projection of the total angular momentum

v

T parity

>
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Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

=3 M (R)
R

VM (R) = Py, P" Ad1¢28(R)

v

J : total angular momentum

v

M : projection of the total angular momentum

v

T parity

v

Problem : g(R) is Gaussian. So, the wave function has not the
correct asymptotic behavior of a scattering function.
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GCM

Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

=3 M (R)
R

VM (R) = Py, P" Ad1¢28(R)

» J : total angular momentum
» M : projection of the total angular momentum
> 7. parity

» Problem : g(R) is Gaussian. So, the wave function has not the
correct asymptotic behavior of a scattering function.

» Solution :
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GCM

Generator Coordinate Method

The GCM [Horiuchi, Prog. Phys. 62 (1977) 90] is a variational method in
which the wave function is expanded into

=3 M (R)
R

VM (R) = Py, P" Ad1¢28(R)

v

J : total angular momentum

» M : projection of the total angular momentum
> 7. parity
» Problem : g(R) is Gaussian. So, the wave function has not the

correct asymptotic behavior of a scattering function.

Solution : the MiCI’OSCOpiC R-Matrix [Baye and Heenen, Nucl.
Phys. A 233 (1974) 304].

v
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MRM

MRM *
R-matrix
Internal region External region
Microscopic description Macroscopic description
\Uint = ZR fkjﬂwJMW(R) \Uext = ¢1¢2 (COS((SI)F/(kp)
+sin(6:) Gi(kp))
Antisymmetrization neglected
0 a p "
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Description of the particule « by the cluster of Gaussians, is it good?
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Description of the particule « by the cluster of Gaussians, is it good?

» For an effective potential (Minnesota), the energy is around
—24 MeV (exp : —28.30 MeV). It is quite good but the potential is
fitted specially for this choice of cluster.
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Description of the particule « by the cluster of Gaussians, is it good?
» For an effective potential (Minnesota), the energy is around
—24 MeV (exp : —28.30 MeV). It is quite good but the potential is
fitted specially for this choice of cluster.
» For a realistic potential (Argonne AV18), the energy is around
+20 MeV but the potential is fitted for the proton-nucleon collisions
up to 350 MeV, not for this cluster.
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fitted specially for this choice of cluster.
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+20 MeV but the potential is fitted for the proton-nucleon collisions
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» The realistic potential is more physical but this cluster is not suitable
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—24 MeV (exp : —28.30 MeV). It is quite good but the potential is
fitted specially for this choice of cluster.

» For a realistic potential (Argonne AV18), the energy is around
+20 MeV but the potential is fitted for the proton-nucleon collisions
up to 350 MeV, not for this cluster.

» The realistic potential is more physical but this cluster is not suitable
because of the repulsive core of the potential and its tensor
component. Indeed, a Gaussian nucleon wave function is not
suitable for the repulsive core and the tensor component of the
potential has no effect on the « energy with this type of cluster.
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Description of the particule « by the cluster of Gaussians, is it good?

» For an effective potential (Minnesota), the energy is around
—24 MeV (exp : —28.30 MeV). It is quite good but the potential is
fitted specially for this choice of cluster.

» For a realistic potential (Argonne AV18), the energy is around
+20 MeV but the potential is fitted for the proton-nucleon collisions
up to 350 MeV, not for this cluster.

» The realistic potential is more physical but this cluster is not suitable
because of the repulsive core of the potential and its tensor
component. Indeed, a Gaussian nucleon wave function is not
suitable for the repulsive core and the tensor component of the
potential has no effect on the « energy with this type of cluster.

» To solve this problem, we have to make more complex the cluster.
One solution is the Unitary Correlation Operator
Method [Feldmeier, Neff, Roth and Schnack, Nucl. Phys. A 632 (1998)
61, Neff and Feldmeier, Nucl. Phys. A 713 (2003) 311].
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Unitary Correlation Operator Method

The principle of the UCOM is to insert the correlation with a unitary
operator C in an uncorrelated state |¢)

[9) = Cly).
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Unitary Correlation Operator Method

The principle of the UCOM is to insert the correlation with a unitary
operator C in an uncorrelated state |¢)

[9) = Cly).

C is defined as the product of a radial unitary correlator C, and a tensor
unitary correlator Co
C = CqC,.
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Unitary Correlation Operator Method

The principle of the UCOM is to insert the correlation with a unitary
operator C in an uncorrelated state |¢)

[9) = Cly).

C is defined as the product of a radial unitary correlator C, and a tensor
unitary correlator Co
C = CqC,.

C, =exp —/ZZ sst(rij)pr; +Pru55T(ru)] Mst
i<j ST

Cq = exp —IZZﬂT rij)si2(rij, Po, )17

i<j
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Let a two-nucleon state be

¢1(r1)¢2(r2) = ¢rel(r12)¢cm(rcm)
with

riop=1Vrx,—r and Fem = (I’l + I’2)/2
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Let a two-nucleon state be
$1(r1)d2(r2) = @rei(ri2)dem(rem)
with
rp=r—r; and re,=(r1+r)/2

@®em(¥em) is invariant by correlation.
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Let a two-nucleon state be
$1(r1)d2(r2) = @rei(ri2)dem(rem)
with
rp=r—r; and re,=(r1+r)/2

®em(¥em) is invariant by correlation. Let ¢,e(ri2) = e*’fZ\LSJM> be with
L=0,S=1and J=1.
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

» CTHC has the same eigenvalues than H and it is phase equivalent to
H.
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

» CTHC has the same eigenvalues than H and it is phase equivalent to
H.

» Morever, for the used correlator, CTHC has the same symmetries
(reflexion, rotation and time reversal) than H.
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

» CTHC has the same eigenvalues than H and it is phase equivalent to
H.

» Morever, for the used correlator, CTHC has the same symmetries
(reflexion, rotation and time reversal) than H.

» Advantages of CTHC : repulsive core is softer, more suitable for the
GCM basis .
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

v

CTHC has the same eigenvalues than H and it is phase equivalent to
H.

Morever, for the used correlator, CTHC has the same symmetries
(reflexion, rotation and time reversal) than H.

v

Advantages of CTHC : repulsive core is softer, more suitable for the
GCM basis .

Drawback of CTHC : It contains three and more-body terms even if
H is limited to two-body terms.

v

v
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

v

CTHC has the same eigenvalues than H and it is phase equivalent to
H.

Morever, for the used correlator, CTHC has the same symmetries
(reflexion, rotation and time reversal) than H.

v

v

Advantages of CTHC : repulsive core is softer, more suitable for the
GCM basis .

Drawback of CTHC : It contains three and more-body terms even if
H is limited to two-body terms.

» CtHC = A + FIRI ¢ A1 4

v
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UCOM is able to creates an effective realistic interaction since

([H|d) = (| CTHC|4).

CTHC has the same eigenvalues than H and it is phase equivalent to
H.

Morever, for the used correlator, CTHC has the same symmetries
(reflexion, rotation and time reversal) than H.

v

v

v

Advantages of CTHC : repulsive core is softer, more suitable for the
GCM basis .

Drawback of CTHC : It contains three and more-body terms even if
H is limited to two-body terms.

CTHC = A 4 FIR 4 A1 4
Approximation : we neglect three and more-body terms.

v

v

v

Jérémy Dohet-Eraly jdoheter@ulb.ac.be 2010 IAP BriX day

Microscopic calculations of elastic scattering



Results
0000

Phase shifts

o+ n

exp  +

150 1/2% 9

Phase shift(°)
©
1=}
T

60 + B
> 1/2"

30 ¢ > 4

The experimental data come from [Morgan and Walter, Phys. Rev. 168 (1968) 1114].
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Phase shifts

Phase shift(°)

The experimental data come from [Satchler, Owen, Elwyn, Morgan and Walter, Nucl.
Phys. A 112 (1968) 1].
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The experimental data come from [Afzal, Ahmad and Ali, Rev. Mod. Phys. 41 (1969)
247).
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Phase shifts

a +3 He

Phase shift(°)

-120 : : :

E (MeV)

The experimental data come from [Spiger and Tombrello, Phys. Rev. 163 (1967) 964].
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Conclusions

» Good agreement between calculations and experiments is possible
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Conclusions

» Good agreement between calculations and experiments is possible
BUT the hamiltonian AND the wave function have to be fit each
other.

» To use a realistic interaction, we have to use a realistic wave
function. It is a very heavy task.
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Conclusions

» Good agreement between calculations and experiments is possible
BUT the hamiltonian AND the wave function have to be fit each
other.

» To use a realistic interaction, we have to use a realistic wave
function. It is a very heavy task.

> Here, we used an approximate realistic interaction (limited to
two-body terms) and a simplified wave function (Gaussians).
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Conclusions

» Good agreement between calculations and experiments is possible
BUT the hamiltonian AND the wave function have to be fit each
other.

» To use a realistic interaction, we have to use a realistic wave
function. It is a very heavy task.

> Here, we used an approximate realistic interaction (limited to
two-body terms) and a simplified wave function (Gaussians).

» The agreement is quite good but needs a partial adjustment of
correlations.
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Conclusions
[ ]

Conclusions

» Good agreement between calculations and experiments is possible
BUT the hamiltonian AND the wave function have to be fit each
other.

» To use a realistic interaction, we have to use a realistic wave
function. It is a very heavy task.

> Here, we used an approximate realistic interaction (limited to
two-body terms) and a simplified wave function (Gaussians).

» The agreement is quite good but needs a partial adjustment of
correlations.

» The final aim is to take account of three-body interactions and to
make more complex the wave function while keeping the good
agreement without fit.
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The experimental data come from [Spiger and Tombrello, Phys.

. 163 (1967) 964].
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